DYNAMICS OF ACRIDINE ORANGE-CELL INTERACTION : I. Interrelationships of Acridine Orange Particles and Cytoplasmic Reddening by Robbins, Elliott & Marcus, Philip I.
DYNAMICS  OF  ACRIDINE 
ORANGE-CELL  INTERACTION 
I. Interrelationships of Acridine Orange 
Particles and Cytoplasmic Reddening 
ELLIOTT  ROBBINS,  M.D.,  and  PHILIP  I.  MARCUS,  Ph.D. 
From the Departments of Neurology and of Microbiology, and Immunology, Albert Einstein College 
of Medicine, New York 
ABSTRACT 
The in vitro localization of acridine orange (AO) in living cells was monitored by means of 
fluorescence microscopy, quantitative cell viability studies, and photofluorimetric measure- 
ments following dye-cell interaction. The parameters, pH, time, dye concentration, and the 
metabolic state of the  cell were  found  to  exert a  profound  influence on  the  time  course 
and  distribution of staining.  The  parameters  studied  are  mutually  interdependent,  and 
intracellular dye localization may be predictably altered by their appropriate manipulation. 
Conditions  are  defined  whereby  two  morphologically distinct  but  physiologically inter- 
related  reactions,  namely,  acridine  orange  particle  (AOP)  formation  and  cytoplasmic 
reddening  (CR)  may  be caused,  prevented,  reversed, or modified. These  results are ex- 
plained  in  terms  of the  facilitation or  inhibition of an  intracytoplasmic dye-segregatlng 
mechanism, in turn affected by the rate of dye ingress and the physiological state of the cell. 
Whereas the accumulation of AO in AOP is compatible with cell viability, the appearance 
of CR  is correlated with  cell death.  It  is pointed  out  that  meaningful interpretation of 
vital staining requires precise regulation of many  parameters in  the  extracellular milieu. 
A  scheme  of cell compartmentalization with  respect to  AO  is proposed to  satisfactorily 
account for the  effects of environmental variations on  the  distribution and  ultimate fate 
of intracellular dye. The  AOP are viewed as normally present acid phosphatase-positive 
multivesicular bodies. 
INTRODUCTION 
In  1956  Bertalanffy  (1)  and  Armstrong  (2)  de- 
scribed techniques utilizing acridine orange  (AO) 
as a  differential stain for ribonucleic and desoxy- 
ribonucleic  acid.  Since  these  earlier  studies, 
which were carried out on fixed cells, the dye has 
been  used  with  increasing  frequency  in  cyto- 
chemistry and microbiology. Nonetheless,  one  of 
the most interesting aspects of the dye, namely, its 
dynamic  behavior  in  living  cells,  has  received 
little attention, and the few studies on the dynamics 
that do exist were carried out using whole animals 
(3,  4).  In these,  important variables such  as pH, 
the  ratio of the  staining solution volume to  total 
cell volume, and the extracellular environment, as 
well as  other  aspects  of technique  could  not  be 
controlled  adequately  enough  to  allow  definite 
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Printed  in  U.S.A. conclusions  regarding  the  interactions  between 
the  cell  and  its  suspending  medium.  Thus,  for 
example,  while Wittekind  (3)  studied  the  effects 
of injecting various dye concentrations into ascites 
tumor  bearing-mice,  it is clear  that  the  absolute 
extracellular  dye  concentration varied  as  a  func- 
tion of time because of excretion and redistribution 
in  the  animal.  The  present  study,  carried  out  in 
vitro, was designed to gain insight into the mecha- 
nisms  of  entrance,  accumulation,  and  ultimate 
distribution  of AO  in  the  cell.  Controlled  varia- 
tions in environmental conditions were introduced 
into  cell-dye  systems,  and  their  effects  on  the 
localization  and  color  of  AO-stained  structures 
and  on  cell  viability  were  noted.  The  variables 
investigated  were  pH,  dye  concentration,  time, 
and the metabolic state of the cell.  In vitro studies 
on the  importance  of two  of these variables  (dye 
concentration  and  time)  already  have  been  re- 
ported  (5,  6);  however,  they  are  included  in  the 
present  investigations because  their  effects  are  of 
prime importance in the proposed general scheme 
of mutually interdependent parameters which in- 
fluence  dye  localization.  By  studying  the  inter- 
relationships  between  these  several  parameters, 
cell  viability,  and  the  localization  of AO,  it  be- 
comes possible to predictably alter this localization 
in  a  great  variety  of  ways.  In  addition,  certain 
factors of importance in the dye's transmembrane 
movement may  be  implicated  and  some  charac- 
teristics of the  structures  to  which  AO  binds can 
be described. 
MATERIALS  AND  METHODS 
I. General Considerations 
A, C~LL CULTURES 
A line of HcLa cells cloned 2 months previously was 
used  throughout these  studies.  Cells  were  grown  as 
monolayers  on  coverslips  or  in  stock  bottles  in  a 
medium  consisting  of  Parker's  M-199  (Microbio- 
logical Association) and  15 per cent fetal calf serum, 
or  complete  growth  medium  (7)  under  conditions 
which resulted in viability of essentially every cell as 
measured by cloning techniques (7). A  homogeneous 
population,  such  as  is  obtained  by  cloning,  is  im- 
portant in realizing consistent results in these studies. 
B. MICROSCOPY AND PHOTOGRAPHY 
Zeiss  and  Leitz  microscope  equipment  was  used 
to observe and photographically record fluorescence. 
The  light source  was  an  HBO  200  mercury  vapor 
lamp. Corning filters 5113 and 3484 were used as the 
excitor and barrier filters, respectively.  A  significant 
problem arose  in the photographic recording of our 
observations  because  of selective extinction  of fluo- 
rescence in certain cellular structures upon exposure 
to  the  exciting  beam.  Thus,  in  the  assessment  of 
fluorescent intensity through photographic compari- 
sons it was necessary to employ a standard procedure 
of exposure.  Total exposure of any one field was set 
at  35 seconds.  Five seconds was allotted for focusing 
and  30  seconds  for  photography.  High  speed  Agfa 
Isopan  Record  film  was  used  for  black  and  white 
pictures.  In some  instances, color  film  (Superansco- 
chrome)  was  employed;  however,  this was  not used 
when quantitative comparisons were  critical. 
C. 1)HOTOFLUORIMETRY AND SOLUTIONS OF AO 
Photofluorimetry was  performed  with  a  Coleman 
Photofluorimeter,  model  12.  The  fluorescent  in- 
tensity of AO  in solution is a  highly labile property 
and is affected  to varying degrees  by the addition of 
salts,  phenol  red,  protein,  nucleic  acids,  and  other 
substances;  therefore,  it  was  necessary  to  carefully 
control  these  factors  as  well  as  overhead  lighting 
which  gradually  quenched  the  dye  fluorescence. 
In  addition,  the  relationship  between  fluorescence 
and concentration is described by a  parabolic rather 
than linear curve with a  peak value at a  concentra- 
tion of 3.3 X  10  -5 M. In order to obtain reliable read- 
ings,  all  solutions  were  diluted  to  1.6  X  10  -5  M 
(1:200,000)  or  less,  and  appropriate  corrections 
factors introduced in the final calculations. 
All  staining  solutions  were  prepared  fresh  each 
day and consisted of 1.6  X  10  -3 M (1:2000)  acridine 
orange  stock  which  was  diluted  appropriately  with 
Earle's  balanced  salt  solution  (Microbiological 
Associates,  Bethesda,  Maryland).  The ratio of stain 
volume to cell volume was  10,000:1; the importance 
of  maintaining  this  large  ratio,  especially  when 
staining is carried out in dilute solutions, is discussed 
below. 
II. Parameters Affecting Fluorescence in AO- 
Stained Cells 
A. PH DURING DYE-CELL INTERACTION 
Covcrslips  containing  spread  HeLa  cells  were 
drained of media, washed with a  dye-free solution at 
the  pH  to  be  tested,  and  immersed  for  exactly  5 
minutes  in  50  ml  of  dye  solution  (1:200,000)  ad- 
justed  to  the  desired  pH.  Immediately  following  a 
quick rinse  (2 seconds)  in a  small volume  (5 ml)  of 
the dye-free solution at the same pH,  the cells were 
examined  by  fluorescence  microscopy  and  observa- 
tions recorded  photographically.  Solutions were  ad- 
justed  to  different  pH  values  between  5.5  and  8.5 
and tested in this fashion.  Since this pH  range does 
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correlated  with  photofluorimetric measurements  of 
pH effects on dye uptake. Standardized pH-adjusted 
dye solution was added to known numbers of washed 
cells.  After  5  minutes the suspensions were quickly 
centrifuged and the fluorescence of the supernatant 
fluid  determined.  Dye  uptake  was  measured  by 
difference. 
B. DURATION OF STAINING AND 
DYE CONCENTRATION 
Staining solutions of conccntrations ranging from 
3.3  X  10  -~  M  to  1.6  X  l0  -4  M  (1:10  million  to 
1:20,000  dilution)  wcrc  prepared  in  1/~  log  incre- 
ments.  Equal  numbers  of  cells  (about  2  )<  105) 
stretched on 15 mm diameter coverslips were stained 
in at least 50 ml of dye per coverslip. Staining was 
carried out for 5 seconds to 24 hours, depending on 
the experiment. The pH was kept constant at a  pre- 
scribed level. 
In other experiments the intracellular distribution 
and the diffusion of dye out of the cell after their re- 
moval  from  the  staining solution was studied  both 
morphologically and  photofluorimetrically. Ten  ml 
of AO at a  1:20,000  dilution was added to 3  X  107 
cells for  10  minutes.  Dye solution was removed by 
centrifugation.  The  cells  were  resuspended in  dye- 
free medium and the increase in fluorescence of this 
medium as a  result of dye efflux from the cells was 
determined as'aTunction of time. Points on the curve 
were obtained by  reading the supernatant medium 
after  centrifugation of the  cells.  When  the  rate  of 
change in fluorescence of this fluid fell to 0,  it was 
discarded; the cells were resuspended again in dye- 
free medium and the process of obtaining measure- 
ments  was  repeated  until  a  new  equilibrium  was 
established. Each  time equilibrium of AO  between 
medium  and  cells  was  reached,  the  medium  was 
replaced with dye-free solution and  the resumption 
of  dye  efflux  from  the  cells  followed  photofluori- 
metrically.  The  experiment  was  terminated  when 
placing the cells in dye-free medium did not result in 
any further measurable efflux. Concomitant morpho- 
logical  examinations were  performed. 
C. METABOLIC STATE  OF THE CELL 
lu  order to determine the contribution of energy 
dependent processes to  the  ultimate  localization of 
dye, cells were maintained in a glucose-free balanced 
salt-solution for various time intervals, stained in a 
concentrated AO  solution  (1:20,000)  for  1 minute 
at pH  7.3,  25°(3,  and finally placed in salt solutions 
at 37°C with or without glucose. In some of the tests 
sucrose  was  substituted  for  glucose.  In  addition, 
different  concentrations  of  iodoacetate  (10 -7  to 
10  -4  M),  and  temperature  variation  between  4°(] 
and 37°C were tested. Dye localization was followed 
as  a  function of time. 
III.  Cell  Viability  and  Acridine  Orange 
Staining 
Quantitative  assays  for  viability  of  HeLa  cells 
following exposure to AO were made using standard 
cloning  procedures  (7).  In  one  experiment,  AO 
concentration  was  kept  constant  (1.6  X  10  -5  M; 
1:200,000 dilution) and time of exposure to AO was 
varied between 1 minute and 24 hours.  In another, 
time of exposure was kept constant (2 minutes) and 
AO  concentration was  varied  from  3.3  X  l0  -a  M 
to 3.3  )<  l0  -8 ~  (dilutions of 1 : 10,000 to  1 : 1 million). 
The  distribution  and  character  of the  fluorescence 
were  noted  in  each  case  and  compared  with  the 
fraction of surviving cells scored as  colony formers. 
RESULTS 
I.  Acridine  Orange  Fluorescence  in  Living 
Hda Cells: Standard for Comparison 
Figs.  1 a  and  l  b are fluorescence micrographs 
showing the distribution of Acridine Orange fol- 
lowing 15 minutes' vital staining under conditions 
of physiological pH and temperature at a dye con- 
centration of 3.3  X  10  -6 ~  (1 : l06 dilution). These 
conditions of staining, unlike others which we shall 
discuss,  do  not  result  in  any  decrease  in  cell 
viability  as  measured  quantitatively  through 
colony formation. Thus, it is convenient to use the 
pattern seen in the figure as a  "normal" standard 
for comparison. The color reproduction is used to 
provide a  standard for relating various gradations 
of black-to-white to  the  color  equivalent  as  ob- 
served  in  the  fluorescence microscope.  Fig.  1  c 
is  a  phase  contrast  micrograph  of  comparable 
cells. 
In Figs.  1 a  and  1 b it is seen that the dye fluo- 
resces  most  intensely  in  juxtanuclear  particles 
which  display  a  brilliant  flame-red  color  (here- 
after referred to  as Acridine Orange  Particles or 
AOP);  the  nucleolus is  bright  yellow-green and 
the nucleoplasm and cytoplasm are a diffuse green. 
Acridine Orange Particles in HeLa cells normally 
cap the nucleus on one side of the long axis of the 
cell in a  definitely polarized array.  Their concen- 
tration  is  greatest  immediately  adjacent  to  the 
nucleus  and  their  numbers  decrease  rather  ab- 
ruptly  a  short  but  variable  distance  from  the 
nucleus.  Isolated  particles  may  frequently  be 
detected  at  the  cell  periphery.  Changes  in  this 
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various means to be discussed in a  furore publica- 
tion.  The  particles  show  an  almost  continuous 
range in size from those that are barely visible to 
some  as large  as  3  /z but they  are usually  around 
1 or  2  #  in diameter.  They  commonly  appear  as 
flecks,  spheres,  or  ellipsoids.  As  seen  in  Fig.  1 c, 
AOP are not visible in phase contrast when  stain- 
ing is carried out under the specified conditions. 
II. Parameters Affecting Fluorescence in AO- 
Stained Cells 
A. PH 
Figs.  2  to  5  show  the intensity and distribution 
of AO  when  living  cells  arc  exposed  to  the  dye 
(1:200,000  dilution)  for  exactly  5  minutes  at pH 
5.5,  6.5,  7.5,  and  8.5,  respectively.  Following 
staining at pH 5.5 there is slight nucleolar fluores- 
cence and  the AOP are not visible) As the pH of 
the  AO  solution  is raised,  the  cell  and  especially 
the AOP exhibit a  gradual increase in fluorescent 
intensity  and  in  the  number  of  AOP  which  are 
visible. 
Fluorimetric  measurements  of  dye  uptake  at 
various levels of pH  are  shown in Table  I.  These 
results  are  consistent with  the  photographic  data 
illustrated  in  Figs.  2  to  5.  They  are  not  strictly 
quantitative,  however,  since  the  concentration 
gradient  across  the  cell  membrane  continually 
decreases  as  a  function  of  time.  Furthermore,  it 
decreases  more  rapidly  at  high  than  at  low  pH. 
1 Although  the  AOP  are  not  seen  at  all  in  Fig.  2, 
they  are  dimly  visible  immediately  after  staining. 
The quenching of fluorescence by the exciting beam, 
however, occurred too rapidly for the film to capture 
their image. 
Nevertheless, the order of magnitude of the differ- 
ences recorded  photographically can be estimated 
from  these  data. 
TABLE  I 
Effects of pH on Dye Uptake by HeLa Cells* 
Dye uptake by cells 
pH  (per cent of total dye available) 
8.5  57 
7.5  41 
6.5  23 
5.5  12 
* 5  )<  105  cells/ml were  exposed  to AO  1:200,000 
at  25°C  for  5  minutes;  per  cent  of dye  removed 
from  staining  solution  was  recorded  photofluori- 
metrically. 
g. DURATION  OF STAINING ANn 
DYE CONCENTRATION 
Figs.  6  through  9  show  the  effects  of exposing 
cells at 25°C for 5  seconds, and  l,  3,  and  l0 min- 
utes,  respectively,  to  a  1:20,000  dilution  of AO 
at  pH  7.3.  After  5  seconds  the AOP  are  already 
visible  and  the  cytoplasm  shows  intense  green 
fluorescence  (Fig.  6).  After  1 minute  at this high 
dye  concentration,  the cytoplasm  shows  a  diffuse 
reddish  stain  (not  distinguishable  in  the  black 
and white reproduction from the green in Fig.  6). 
The AOP are no longer visible in many cells even 
though the red cytoplasmic stain (hereafter termed 
CR,  for  cytoplasmic  reddening)  is  not  intense 
enough to have masked them completely  (Fig.  7). 
By  the  end  of 3  minutes  (Figs.  8  a  and  8  b)  the 
cytoplasm  is  a  brilliant flame  red,  the  nuclei  are 
yellow-orange,  and the nucleoli are red except for 
FIGURE 1 a  Acridine orange 1:1 million, pH 7.3,  37°C for  15 minutes. AOP are small, 
bright juxtanuelear  particles (arrow).  Cytoplasm and nucleus contain only diffuse stain. 
)< 5`20. 
FIGURE 1 b  Cells stained under conditions identical with those in Fig. 1 a, showing color 
equivalents for the black and white photographs. )< 5`20. 
FIGCRE 1 C  Phase contrast image of cells treated as in Figs. 1 a, and 1 b, showing invisi- 
bility of AOP under these optical conditions. X  5~0. 
Fmm~E ~  Acridine orange 1:`200,000,  pH 5.5, '25°C for 5 minutes. AOP are not visible. 
Cells show little uptake of dye.  )< 5`20. 
FIGURE 3  Acridine orange  l :~00~000, pH 6.5,  `25°C for 5 minutes. AOP are barely visible 
in most cells.  X  5`20. 
FIGURE 4  Acridine orange 1 : ftO0,O00, pH 7.5, "25°C for 5 minutes. AOP are clearly defined. 
X  5"20. 
Fmu~E 5  Acridine orange 1:`200,000, pH 8.5, `25°C for 5 minutes. AOP are brighter and 
more numerous than in Fig, 4.  X  5`20. 
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produces  an  indiscriminate  red  stain  represented 
monochromatically  in  Fig.  9.  If  coverslips  with 
cells stained as shown in Fig.  8  are removed from 
AO  and  placed  in  a  small  volume  of  growth 
medium without AO  (1  ml for 2  X  105 cells), the 
results seen in Fig.  10 a and  10 b are obtained after 
2  to 3  hours at 37°C.  It is clear that much of the 
nuclear  and  cytoplasmic  AO  has  been  relocated 
in  the AOP  which  are  brilliantly fluorescent  and 
larger than those  shown in Fig.  1. ~ In phase con- 
trast  the  particles  are  seen  as  highly  refractile 
cytoplasmic  inclusions  (Fig.  11,  compare  with 
Fig.  1 c).  If staining is carried out at AO dilutions 
of  1:200,000  instead  of  1:20,000,  the  sequence 
seen in  Figs.  6  through  9  is  reproduced  over  the 
course of 2  hours instead of  10  minutes.  We have 
found  that  at  physiologic  pH  and  25-37°C  all 
solutions of AO more concentrated than 1:500,000 
cause  some  degree  of cytoplasmic  reddening  in  3 
hours or less ~f the concentration  o] AO  is kept constant 
by  using  a  large  initial  volume  of  staining  medium. 3 
In contrast, lowering the pH to 6  allows lowering 
the dye dilution to  1 : 100,000  before  CR is noted, 
At  a  dilution  of  1:1  million  (pH  7.3,  37°C)  a 
2 With some exceptions, the nuclear response  follows 
the  cytoplasmic  response  in  a  predictable  fashion, 
and  will  not  be  discussed  separately.  Thus,  when 
environmental  variations  lead  to  the  diffuse  green 
staining  of  the  cytoplasm  as  shown  in  Fig.  1,  the 
nucleoplasm also stains green; when the cytoplasm is 
stained red via  the procedures discussed,  the nucleo- 
plasm  predictably  stains  yellow-green  as  seen  in 
Fig.  8  b; segregation of cytoplasmic AO  in AOP  as 
shown  in  Fig.  10  is  always  accompanied  by  a  de- 
crease in nucleoplasmic AO staining. 
3 The  importance of this facet of in  ~itro AO  studies 
cannot  be  overemphasized  although  it  has  been 
neglected  almost completely  in the past.  Figs.  12  a 
and 12 b show cells stained for 4 hours under identical 
conditions except that in  12 a  0.5 ml of a  1"100,000 
dilution of AO was used for 2  X  105 cells on a single 
coverslip and in 12 b, 50 ml was used. It is clear that, 
in the case of the smaller volume,  the cells have de- 
pleted  the  solution  of available dye  giving  a  result 
totally different from that found when an essentially 
infinite amount  of the dye  is present.  In  long  term 
experiments, usually carried out in stain much more 
dilute than  1:100,000,  failure to consider this rapid 
uptake of dye by the cells could easily lead to gross 
misinterpretations since cells assumed to be growing 
in a specified AO concentration would actually be in 
a much less concentrated solution. 
dramatic change in the cells' response to long term 
exposure  to dye occurs: no cytoplasmic reddening 
is  seen  even  after  24  hours  in  AO  and,  if AO  is 
made  up  in  growth  medium  instead  of  Earle's 
solution,  the  experiment may  be extended  for  48 
hours  or  longer  with  the  same  results  (Fig.  13). 
The  AOP  are  brilliantly fluorescent  and  bear  a 
resemblance  to  the  pattern  shown  in  Fig.  10 
wherein initially diffuse cytoplasmic stain has been 
segregated in the AOP,  The  significant difference 
is  that  at  high  dilution  of  1:1  million  no  inter- 
mediate  CR  stage  is detectable.  While this is not 
surprising  in  view  of  the  earlier  quoted  studies 
(3-6)  the interdependence of the  variables under 
investigation is made apparent again by the results 
of staining  at  pH  8.3.  Staining  at  pH  8.3  causes 
some CR  after 4  hours even at this high dilution. 
When  these  cells  showing  cytoplasmic  reddening 
are returned to pH 7.3 but still retained in AO, CR 
is reversed. 
With  regard  to  the  observations  that  cells  dis- 
playing  CR  segregate  AO  into  AOP  when  they 
are  removed  from  the dye,  the  results in  Fig.  14 
are  of  interest.  When  heavily  stained  cells  in 
suspension are washed and  the fluorescence of the 
wash is measured as a function of time, it is found 
that dye  efflux  from  the  cells continues until  the 
level in the suspending medium reaches a constant 
value.  If at  this point  (see  arrows in  Fig.  14)  the 
same  cells  are  centrifuged  and  the  supernatant 
fluid  replaced  with  dye-free  wash,  there  is  a 
renewed  efflux of dye with rapid  attainment of a 
new  equilibrium.  This  and  each  successive  equi- 
librium point occurs at a  lower dye level than the 
preceding  one until  finally after  8  cycles  there  is 
very little additional efflux. Morphologic examina- 
tion  of  the  cells  at  each  stage  of  the  procedure 
reveals  a  progressive  decrease  in  the  intensity  of 
the cytoplasmic stain.  Ultimately the fluorescence 
pattern is very similar to that seen in Fig.  1 a: the 
cytoplasm  is  green  and  the  AOP  are  small.  The 
explanation  for  the  segregation  of AO  into  large 
AOP  as  shown  in Fig.  10  now becomes clear.  In 
this case,  when heavily stained cells are  placed in 
a  small  volume of dye-free  medium,  equilibration 
between this medium  and  the cells occurs rapidly 
with  the direction of the equilibrium far  towards 
the  cells.  Since  this  medium  is  not  changed,  the 
cells then handle the residual cytoplasmic AO  by 
segregating it into AOP.  In contrast, the results in 
Fig.  14  along  with  morphological  observations 
show  that  if  the  external  dye  concentration  is 
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medium and cells is reached,  then most of the dye 
passes out of the cytoplasm and extensive segrega- 
tion  with  a  marked  increase  in  the  size  of AOP 
is  not  seen. 
C.  VARIATIONS IN  THE METABOLIC  STATE 
OF THE CELL 
I.  TEMPERATURE:  Cells  kept  at  4°C  for  1 
hour and then stained with AO  (1 : 1 million, pH 
7.3)  for  15  minutes,  still  at  4°C,  display  typical 
AOP  such  as those seen in Fig.  1,  suggesting that 
suboptimal  functioning of enzyme  systems  is  not 
limiting  in  their  development.  In  contrast,  re- 
versal of cytoplasmic reddening and formation of 
large AOP as seen in Fig.  10 do not occur at 4°C. 
Cells stained in AO  1:20,000  at 4cC  display  CR 
which  is  not  cleared  if the  cells  now  are  washed 
and  kept  in  a  small  volume  of  dye-free  medium  (0.5 
ml/2  ×  105 cells) at this temperature. 
As  already  mentioned,  cells  stained  in  AO 
1:200,000  dilution,  pH  7.3,  display  CR  after  2 
hours. Although the effect is apparent at both 25 ° 
and  37°C,  CR  is  significantly  more  pronounced 
at 25°C after this time interval. On the other hand, 
at  37°C,  the AOP  are  larger  and  more  intensely 
fluorescent.  It would  appear  that  the  cell is  able 
to handle the dye influx at  37°C  more efficiently 
than at 25°C but not efficiently enough to prevent 
CR  at this dye  concentration. 
2.  GLUCOSE  DEPRIVATION :  Evidence  for 
the energy dependence of CR reversal is found in 
the  behavior  of  cells  incubated  in  glucose-free 
Earle's  salt  solution,  and  then  stained  with  AO. 
Thus,  cells maintained for 24 hours at  37°C  (less 
time is inadequate)  without an external source of 
energy  and  subsequently  stained  for  1  minute 
in AO  (1:20,000)  show  CR  as expected.  If these 
cells  are  returned  to glucose-free  Earle's solution, 
CR remains and total cellular degeneration occurs 
within  3  to  4  hours.  However,  if they are  placed 
in  Earle's  solution  containing  glucose  (6  raM), 
then  segregation  of  AO  is  effected  in  a  fashion 
comparable  to  that  shown  in  Fig.  10.  Sucrose 
does  not substitute for glucose. 
3.  IODOACETATE:  A  concentration  of  10  -5 
M  iodacetate  causes  partial  inhibition  of  CR 
reversal.  Increasing  the  concentration  to  10  TM  M, 
a  commonly  used  level  for  dehydrogenase  inhi- 
bition,  leads  to  almost  total  absence  of  CR  re- 
versal  at  the  end  of  4  hours.  In  control  cells, 
segregation of AO  into AOP is complete within 2 
hours. 
HI.  Cell  Viability 
2~k. CONCENTRATION  CONSTANT,  TIME  VARIED 
The  results  presented  in  Table  II  show  that 
after  a  5-minute  exposure  to  AO  (1:200,000 
dilution,  pH  7.3,  37°C),  essentially  all  cells  are 
viable as scored  by their ability to form  colonies, 
and that these viable cells manifest  typical AOP. 
A  15-minute  exposure  to  AO  results  in  death  of 
about  half of  the  cell  population.  Although  the 
AOP  pattern  of  fluorescence  prevails  in  most 
cells,  a  slight degree  of cytoplasmic  reddening  is 
apparent  in  many  at  this  time.  A  30-  to  60- 
minute exposure  to  the dye  results in  a  profound 
lethal  effect,  over  99  per  cent  of  the  cells  are 
killed.  Simultaneously with  this marked  decrease 
in survivors, cytoplasmic reddening is observed in 
TABLE  II 
The  Correlation  Between  Loss  of  Cell  Viability 
and Cytoplasmic  Reddening* 
Fluorescent reaction in cells 
Time in  Fraction of  3  hrs. after 
acridine  surviving  Immediately after  removal of 
orange  cells  removal of AO  AO 
min. 
0  1.00  --  -- 
5  0.91  AOP  AOP 
15  0.51  AOP  +  CR  AOP 
30  < 0.002  CR  AOP 
60  <0.002  CR  AOP~ 
90  <0.002  CR  CR 
120  <0.002  CR  CR§ 
* 200 HeLa  cells were  inoculated  into  a  series of 
plates,  allowed  to  attach  and spread  for 4  hours, 
and  then  exposed  for  various  lengths  of  time  to 
5.4  ml  of  a  1:200,000  dilution  of AO  in  growth 
medium  (37°C).  The stain was removed at appro- 
priate  intervals,  dye-free  growth  medium  added, 
and the plates incubated for 9 to 10 days to deter- 
mine  by  colony  count  the  fraction  of  surviving 
cells.  Cells  in aliquot  plates were  examined  with 
fluorescence microscopy and the staining reactions 
recorded  immediately  and  after 3  hours  at  37°C. 
:~ AOP slightly larger than usual. 
§ CR reaction intense. 
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longer  visible  in  many  of  them.  In  spite  of  the 
reversibility of this cytoplasmic reddening brought 
about by incubation in dye-free medium  the cells 
are  no  longer  viable.  Cytoplasmic  reddening  is 
usually  not  reversible  when  cells  are  exposed  to 
the dye for more than 90 minutes. 
B.  TIME  CONSTANT~ CONCENTRATION  VARIED 
Table  III  presents  data  averaged  from  two 
experiments showing cell viability as a  function of 
dye  concentration  with  time  of  exposure  kept 
constant.  It  is  again  seen  that  the  occurrence  of 
CR  is associated  with a  marked drop  in the frac- 
tion  of viable cells.  Mean  values  for  the  fraction 
of surviving cells taken from  the different experi- 
ments  ranged  within  -4-15  per  cent  with  the  ex- 
ception  of  survival  determination  made  after 
exposing  cells  to  the  1:50,000  dilution  of  AO. 
Here,  variations  as  great  as  -4-50  per  cent  have 
been  observed.  Conditions in  this latter  situation 
appear  to include  the critical range  in which  the 
CR  reaction  is  first  manifested  after  the  short 
exposure  to  AO  used  in  this  experiment 
(2  minutes).  When  cells  are  incubated  in  AO 
(1 :l  million)  for  several  hours,  no  CR  occurs; 
however,  large  phase  contrast  visible  AOP 
develop,  similar to  those  shown in Fig.  1 I.  While 
these cells show  no CR,  they  also  are  not viable. 
It  thus  appears  that conditions which lead  either 
to CR or compensated AOP (see below) result in a 
marked drop in cell survival. 
TABLE  III 
Cell  Viability  and Acridine  Orange Staining* 
Dilution of acridine orange  Fraction  of surviving cells 
No AO  1.0 
1:200,000  0.96 
1 : 100,000  0.89 
1 : 50,000  0.21 
1:20,000  0.00001 § 
*  Preattaehed  HeLa  cells  were  stained  for  2.0 
minutes at 37°C  in 5 ml of AO  (pH  =  7.2)  at the 
dilutions  indicated,  washed,  incubated  in  fresh 
medium for  10 days,  and the fraction of surviving 
cells determined  from  colony  counts. 
:~ CR  reaction  begins to  appear  under  these con- 
ditions. 
§ All cells show CR. 
DISCUSSION 
We  have  demonstrated  that  the  intracellular 
distribution  of  AO  is  influenced  by  time,  pH, 
dye concentration,  and  the metabolic state of the 
cell.  More importantly, we have shown that these 
FIGURE 6  Acridine orange 1 :£0,000, pH 7.3, £5°C for 5 seconds. AOP are already appar- 
ent; nucleus and cytoplasm are still green but are more fluorescent than in Fig. 1.  )< 520. 
FIOI'RE 7  Acridine orange l:~0,000, pH 7.3,  25°C  for 1 minute. AOP have disappeared 
and cytoplasm is red. Nucleus is yellow-green. )< 520. 
FIGURE 8  a  Acridine orange  l:~.0,000,  pH  7.3,  ~5°C  for 3  minutes.  Nucleus is yellow- 
green and cytoplasm is bright red; nuclcolus is seen as red intranuclear body. AOP are not 
visible. Frequent but not universal are the relatively non-fluorescent juxtanuelear areas 
located precisely where AOP are ordinarily seen (arrow).  >( 5~20. 
FIGI'I~E 8 b  Cells stained under conditions identical with those in Fig. 8 a, showing color 
equivalents for the black and white photographs.  X  520. 
FIGt'RE 9  Acridine orange 1:~0,000, pH 7.3,  ~5°C for 10 minutes. Cells show indiscrimi 
nate red stain. AOP are not visible. )< 5~0. 
FIGURE l0 a  Acridine orange l:~0,000, pH 7.3,  ~5°C for 6 minutes followed by incuba- 
tion in dye-free medium for £ hours (0.5 ml/10  ~ cells). Cytoplasm and nucleus have been 
largely cleared of AO which is now localized in brilliantly fluorescent AOP.  X  5~0. 
FIGVRE l0  b  Cells stained under conditions identical with those in Fig.  10 a,  showing 
color equivalents for the black and white  photograph. )<  5~0.  Color  difference  between 
these AOP and those in Fig. 1 b is due partly to more rapid fading of uncompensated AOP 
during photomicrography and partly to  the  lower  dye  concentration  in  these  latter 
AOP  (Fig.  t  b). 
FIGURE ll  Phase contrast image of cells treated similarly to those shown in Figure 10 a. 
Note highly refractile AOP.  X  5~0. 
ELLIOTT ROB:BINS AND  PHILIP  I.  MARCUS  Acridine  Orange-Cell Interaction.  I  245 FmUICE 19 a  and b  Comparison of cells stained for 4  hours in AO 1:100,000 under identical conditions 
except that in 19 a the volume of stain was 1 ml/9 X  105 cells and in b it was 1 ml/~ X  103 cells.  X  590. 
FmunE 18  Acridine orange in growth medium 1 : 1 million, pH 7.3, 37°C for 48 hours. Cells show large, 
juxtanuclear, brilliantly fluorescent AOP. Nucleus and cytoplasm are practically free of dye.  X  590. 
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FmURE 14  Graph. Removal of acridine orange from heavily stained cells by successive washes. Abscissa 
represents time of cells in suspensioiL Time for eentrifugation and fluorescence measurements was approxi- 
mately 80 seconds for each point.  Arrows indicate points at which wash solution, equilibrated with cell 
dye, was discarded and replaced with fresh dye-free wash. All points were obtained on the same cells. 
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FIGURE 15  Diagram of compartmentalization  of the cell with respect to acridine orange. See text for 
explanation. 
variables are to an extent mutually interdependent 
and in delicate balance, so that changes in one are 
partly  compensated  for by inverse changes  in  the 
others.  Aside  from  the  examples  we  have  illus- 
trated,  numerous  others  have  been  investigated 
and  in each case this mutual  interdependence  has 
been confirmed. 
In addition  to describing the immediate results 
of staining we have emphasized the interconversion 
of  one  staining  pattern  to  another  upon  adjust- 
ment of environmental conditions  (cf.  Figs.  9  and 
10).  We have further pointed out that the appear- 
ance of large, phase  contrast-visible AOP appears 
to  be energy-dependent  since it does not occur at 
4°C  or  in  starved  cells  in  the  absence  of an  ex- 
ternal energy source. 
To aid in visualization of dye movement in the 
tadpole  epithelium,  Weissman  (4)  outlined  a 
scheme  for  cell  compartmentalization.  We  have 
adapted  a  similar  scheme  to  the  HeLa  cell  and 
this is illustrated in Fig.  15, where the K's represent 
transfer  coefficients  and  are  included  for  com- 
pleteness  although  no  quantitative  data  on  their 
magnitude  are  available.  In  compartments  I 
(extracellular)  and  II  the  dye  is  free,  while  in 
compartments  III and  IV it is bound.  In view of 
the findings of Bertalanffy  (1)  and  Armstrong  (2) 
regarding  the  relationships  between  DNA,  RNA, 
and  AO staining in fixed cells, the in vitro  staining 
of compartment  IV  (nucleocytoplasmic)  has  been 
interpreted  reasonably  by  Wolf  as  being  based 
on  the  staining  characteristics  of  these  same 
molecules  (5).  Studies  on  the  nature  of compart- 
ment III are in progress  (21). 
In  the  early stages of staining,  when  the extra- 
cellular  dye  concentration  is higher  than  that  in 
compartment  II,  the  flow  of dye  is  from  left  to 
right;  i.e.,  compartment  I  to  II,  and  from  II  to 
III  and  IV.  Under  the  various  environmental 
conditions we have described,  it is possible  to get 
flow from  III  to  IV  (cf.  Figs.  6  and  7),  and  es- 
pecially from  IV to  III  (cf.  Figs.  9  and  10).  This 
flow is  probably  mediated  through  II  (free  AO) 
as  indicated  in  the  diagram.  When  stained  cells 
are washed,  dye flows from right to left, i.e.,  from 
III and  IV to II and  then to  I.  Free AO in com- 
partment  II  probably  rises  very  little  as  long  as 
the  large  AO  sinks  in  compartments  III  and  IV 
remain  unsaturated.  Thus,  a  steep  concentration 
gradient  is maintained  across the cell membrane. 
On  the  assumption  of  the  correctness  of  Wolf's 
interpretation  of  AO  metachromasia  (5),  the 
concentration  of free  AO  per  unit  compartment 
volume  is  much  greater  in  compartment  III 
(AOP)  during  the  early  phase  of  staining  than 
in IV (nucleocytoplasmic),  since the AOP appear 
red  (high  [AO]/unit  volume)  while  the  nuclear- 
cytoplasmic structures are green or greenish yellow 
(low [AO]/unit vol). 
Our experiments show that the amount of dye in 
the cell does not necessarily determine its localiza- 
tion; the rate of dye entry, influenced, for example, 
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important  role  as  does  the  physiological  state  of 
the cell. Thus,  if dye enters the cell slowly enough 
there  is  a  compensatory increase in  the  capacity  of 
compartment  III  as  an  AO  sink.  On  the  other 
hand  this  compensatory  increase  is  energy- 
dependent  and  its  rate  is  finite;  consequently, 
increasing the rate of dye influx beyond  a  certain 
point  or  disrupting  cellular  metabolism  through 
energy  deprivation,  which in turn  interferes with 
this  compensatory  mechanism,  leads  to  a  rise  in 
free AO, in compartment  II. ~I'his, in accord with 
Wolf's hypothesis  (5),  may cause macromolecular 
changes  (in  RNA)  in  compartment  IV  with  a 
concomitant  increase  in  AO  binding  sites  and, 
finally,  cytoplasmic  reddening.  Cytoplasmic 
reddening  never occurs  before  the  appearance  of 
AOP  in  living  HeLa  cells,  even  though  AOP 
may  subsequently  disappear  as  cytoplasmic 
reddening increases in intensity (cf.  Figs. 6 and  7). 
Reversal  of  CR  is  similarly  explained.  Thus, 
cells with  CR still contain  much  dye when  equi- 
librium  between  them  and  a  small  volume  of 
medium  is reached  (cf.  Fig.  14).  In  spite  of this, 
absence  of any  additional  influx  allows the  com- 
pensatory increase in the capacity of compartment 
III to take place, further  supporting  the interpre- 
tation  that  the  initial  CR  resulted  not  from  the 
amount  of  intracellular  dye  but  rather  the  in- 
ability  of the  cell  to  segregate  it  rapidly  enough 
upon  its  entrance  into  the  cytoplasm. 
Most  of  the  experiments  we  have  described 
have  been  of relatively  short  duration,  and  the 
mechanisms  proposed  account  for  the  results; 
however,  the  fact  that  cells  maintained  in  AO 
(1:1  million  dilution)  in  growth  medium under 
physiological  conditions  do  not  show  CR  even 
after  48  hours  requires  further  explanation.  One 
would  expect some point  beyond  which  the cells' 
compensatory  mechanism  was  overwhelmed with 
resultant  CR.  A  possible  explanation  for  the 
absence  of  such  an  effect  lies  in  the  evidence 
obtained  by  Hill  et  al.  (9)  for  what  may  be  an 
active elimination  of cellular AO.  Perhaps,  if the 
dye  concentration  and  pH  are  low  enough,  the 
dye enters slowly enough for the cell to adapt over 
a  period  of  several  hours  by  activation  of  an 
intracellular  pump.  Another  possible  explanation 
is that,  at pH  7 and  a  dye dilution of 1 : 1 million, 
equilibration  between  extracellular  and  free 
intracellular  dye  does  not  lead  to  the  above- 
proposed  macromolecular  change  with  its  conse- 
quent  CR.  On the other hand,  CR occurs at  this 
same  dilution  when  the  pH  is  raised  to  8.5, 
because  at  this  pH  the  macromolecular  change 
does  take  place. 
With  regard  to  the  effects of pH  on dye  pene- 
tration,  the  decrease  in  rate  with  decreasing  pH 
might be interpreted  as an effect (a)  on ionization 
of  the  dye  molecule,  (b)  of  pH  on  cell  perme- 
ability, or  (c)  an intracellular increase in viscosity 
that  leads  to  decreased  free  diffusion  of  AO  to 
binding  sites.  In  connection  with  the  effect  of 
pH on the  AO  molecule  itself, AO is a  basic dye 
(10)  which  at  the  pH  levels studied  ionizes  ac- 
cording  to  the  equilibrium  RH  +  ~  R  -k  H +. 
Although the dye is already largely in the cationic 
form  at  pH  8.5,  lowering the  pH  shifts  the  equi- 
librium still further  in  this direction.  Because  the 
cell  membrane  is  less  permeable  to  cations  than 
similar uncharged molecules ( 11 ), it is conceivable 
that some of the effect observed is an effect of pH 
on  ionization  of  the  dye.  While  this  hypothesis 
was  consistent  with  data  obtained  in  an  earlier 
study  using  a  different cell strain  and  a  different 
fluorochrome  4  (12),  it  does  not  by  itself  quanti- 
tatively  account  for  the  results  obtained  with 
Acridine  Orange.  Lowering  the  pH  from  8.5  to 
5.5  decreases  the  concentration  of uncharged  dye 
by a  factor of 1000  (using the simple Henderson- 
Hasselbalch  equation  as  a  first  approximation). 
The  decrease  in  the  rate  of dye  uptake  between 
pH  8.5  and  5.5  is  significantly  less  than  this, 
even  when  factors  such  as  the  time-dependent 
concentration  gradient  of  AO  across  the  cell 
membrane  are  taken  into  account. 
Studies  on  membrane  permeability  of  cells 
cultured  in  vitro are  remarkably  scarce  and  data 
concerned with  the effects of pH on permeability 
in  these  cells  are  to  our  knowledge  non-existent. 
In  a  preliminary  investigation  using  HeLa  cells 
(13),  we found  that  variation in  pH  between  5.5 
and  8.5  did  not  result  in  any  striking  or  con- 
4 Although the structure of proflavine used earlier  is 
very similar to AO in that both are diaminoaeridines, 
the cells' reaction to the dye is significantly different. 
Proflavine  enters  the  cell more  slowly  and  nothing 
resembling  AOP  is  seen,  nor  is  there  any  meta- 
chromasia.  The  possible  implications  of this  strik- 
ingly  divergent  response  is  an  interesting  stereo- 
chemical problem. This is especially true considering 
that  neutral  red,  whose structure  is not analogous to 
AO,  also  forms  cytoplasmic  inclusions  comparable 
in all respects to those formed by AO itself. 
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molecules  such  as  glycerol.  This  is  in  sharp  con- 
trast  to  the  effects  seen  with  AO  over  this  same 
pH range.  It would  seem that if lowering the pH 
does  in  fact  lower  cellular  permeability,  this 
et~ct  is  not  general  but  may  be  restricted  to 
charged  molecules  in  particular.  Since  the  nega- 
tively charged  cell surface  becomes rdatively more 
positive  with  decreasing  pH,  permeability  to 
positively  charged  ions,  such  as  AO,  would  in 
fact be expected to decrease as the pH is lowered. 
Finally,  lowering  the  pH  results  in  increased 
intracellular  viscosity  as  measured  by  decreased 
Brownian motion (14, 15). This would undoubtedly 
lead  to a  decrease in  the rate  of free intracellular 
diffusion  of dye  and  a  consequent  slowing of the 
rate of AO accumulation at binding sites. 
Although  the  relative degree  to  which  each  of 
these  pH-related  factors effect AO uptake  by the 
cell remains to be ascertained,  it seems likely that 
all of them play some role in determining the rate 
of dye  influx into  living ceils under  conditions of 
varying  pH.  It  is  worth  noting  here  that  this 
dynamic  situation  is  very  different  from  that 
existing  in  the  fixed  cell.  While  pH  is  of  ac- 
knowledged  importance  in  the  histochemical 
staining  of fixed  cells,  effects  of pH  in  this  case 
are  largely  a  reflection  of changes  in  ionization 
of  precipitated  macromolecules  and  adsorption 
phenomena.  The  question  of  membrane  cation 
selectivity  and  viscosity  changes  does  not  arise. 
Concerning  the  nature  of  the  AOP,  the  fact 
that  those  seen  in  Fig.  1 develop at  4°C,  do  not 
increase  in  size  at  this  temperature,  and  are  not 
visible  in  phase  contrast  in  their  early  stages 
suggests  that  these  structures  are  present  before 
addition  of the  dye.  The  preferential  segregation 
of dye  in  these  specific  structures  via  an  energy- 
dependent  process  would  seem  to  support  this 
interpretation  as does the finding that small AOP 
per se as seen in Fig.  1 are not detrimental to vital 
cell  functions  provided  there  is  no  history  of 
cytoplasmic  reddening.  In  this  respect  it  should 
be  noted  that  our  results  are  at  variance  with 
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